Association of enantiopure TRISPHAT anion (1) with chiral spiro [Cu(LL ) 2 ] complexes (LL = 2-R-phen, 2, 6-R-bpy, 3, and 2-iminopyridine, 4) leads to an efficient NMR enantiodifferentiation. Variable temperature 1 H NMR spectroscopy has been used to determine the isomerisation kinetics of these pseudo-tetrahedral complexes and to evaluate their configurational stability; the latter depending on the structure of the diimine ligands. In the case of the 2-anthracenyl-phen derivative, a decent level of supramolecular stereocontrol was noted (d.e. up to 45%); the configuration of the complex being determined by electronic circular dichroism (ECD).
Introduction
Copper(I) complexes of heteroaromatic chelating bidentate ligands of general 1,4-diimine type form an important class of coordination compounds. They possess interesting physicochemical properties, 1 and also play a large role in the field of asymmetric catalysis.
2 From a topological perspective, these complexes can intervene in the construction of sophisticated molecular architectures such as catenates, knots, rotaxanes, etc.
3
Copper(I) complexes prefer adopting a pseudo-tetrahedral geometry. They are often sensitive to oxidation and their stability is closely related to the nature of the ligands attached to the metal centre. In the absence of restricting steric effects from the ligands, these complexes are often oxidized to the more stable square-planar Cu(II) species. For example, CuL 2 complexes of 2,2 -bipyridines (bpy) and 1,10-phenanthrolines (phen) tend to be oxidized by O 2 . 4 To avoid the geometric reorganization that occurs upon oxidation and ensure air stability, bulky substituents are usually introduced in ligand positions adjacent to the N-coordinating atoms. These substituents sterically impede the complex's ability to become planar and thus increase the Cu(I) to Cu(II) interconversion barrier sufficiently to allow the air stability of Cu(I) species. In 1961, the stabilisation of Cu(I) complexes by this approach was demonstrated by James and Williams who determined stability constants and redox potentials for a series of Cu(I)/Cu(II) complexes bearing different alkyl-substituted phenanthroline and bipyridine ligands. 5 Even though alkyl groups tend to be electron donating, their presence increases the Cu 2+ /Cu + reduction potential. S14) and activation parameters (Figs. S15-S17, Graphs S15-S17 and Tables S15-S17) for the complexes. See DOI: 10.1039/b515540a
In pseudo-tetrahedral geometry, the formation of a coordination complex with two identical symmetrical bidentate ligands leads invariably to an achiral D 2d symmetric structure. However the complexation of a central Cu(I) atom with two identical unsymmetrical bidentate ligands results in the formation of chiral cationic adducts of type [Cu(LL ) 2 ] + . 7 The pseudo-tetrahedral mononuclear complex formed in this way has a chirality centred around the metal which occupies the centre of the tetrahedron. Chiral spiro entities are formed, whose configuration can be assigned using either S/R or D/K descriptors (Scheme 1).
8, 9 Many such bis(diimine)copper(I) complexes with unsymmetrical 2-Rphen, 6-R-bpy and 2-iminopyridines have been synthesised and studied as racemates.
These pseudo-tetrahedral Cu(I) complexes are chemically and configurationally labile, with an equilibrium between the enantiomers occurring rapidly in solution (Scheme 2). It can be slowed down to some extent by incorporating bulky substituents ortho to Scheme 2 Configurational lability of chiral Cu(I) complexes exemplified with a 2-R-phen derivative. the ligand's imine nitrogen.
12b, 13 While the flexibility of the diimine scaffold 14 has been shown to favor isomerization, 15 interligand pstacking interactions may stabilize the [Cu(LL) 2 ] + structure.
10a,c
The configurational lability of such Cu(I) complexes can be precisely evaluated by NMR using ligands which present magnetically non-equivalent signals after complexation. Van Koten et al. reported a dynamic study on complexes made of 2-iminopyridine moieties.
12a Free energies of activation (DG = ) around 58 kJ mol −1 were measured in CDCl 3 using, for instance, the diastereotopic methyl groups of isopropyl substituents as NMR probes. Recently, faster kinetics of racemization were measured in MeOH-d 4 on complexes of anionic taurine-derived 2-iminopyridine ligands (DG = 46 kJ mol −1 ). 16 Thummel et al. used VT-NMR to study the racemisation's kinetics and the rates of ligand exchange using phenanthroline ligands bearing enantiotopic geminal methyl groups and 2,2 -bipyrimidines with substituents at the 4,4 and 6,6 positions that become inequivalent when two ligands are bound to a single metal in a tetrahedral fashion. 13 Dynamics were found to be fast at ambient temperature and low temperature measurements were necessary for the determination of the energy barriers byAlthough highly efficient, these methods for the evaluation of the isomerisation kinetics cannot be applied-by definitionto complexes made of achiral ligands deprived of enantiotopic substituents. For these substrates we hypothesized that a chiral counterion could be a source of NMR differentiation. 20 The association of chiral cationic [Cu(LL ) 2 ] + complexes with enantiopure anions form diastereoisomeric salts and distinct NMR signals could thus result from the asymmetric ion pairing. Furthermore, as the complexes are configurationally labile, the possibility of a supramolecular stereocontrol was considered. We envisioned that stereoselective discriminating interactions might occur between the chiral ions and favor one diastereomeric salt over the other (Pfeiffer effect).
20,21
Previously, the synthesis of tris(tetrachlorobenzenediolato)-phosphate(V) anions 1 has been reported. 22 This chiral anion, named TRISPHAT (D and K enantiomers, Fig. 1 ), can be resolved by association with an enantiopure ammonium ion. The overall efficiency of TRISPHAT to behave as an NMR chiral solvating and asymmetry-inducing agent for chiral cationic derivatives
20,23
led us to its use for the proposed study. 24 Recently, another chiral anion, namely the bis[(R)-1,1 -bis-2-naphtholato]borate, was used by Arndtsen to distinguish effectively individual enantiomers of chiral Cu(I) complexes.
25
Herein, we present a full report on the use of chiral TRISPHAT counterion as the source of NMR differentiation for isomerization dynamics and stereoselective induction studies on chiral Cu(I) complexes. Simple bpy, phen and iminopyridine ligands were used and the configurational stability of the resulting chiral complexes compared.
Results and discussion

Ligand and complex synthesis
Our goal was thus to associate TRISPHAT anions (1) with a large variety of complexes made from structurally different ligands (2 to 4, Fig. 2 ). Care was taken to choose diimine moieties derived from phen and bpy backbones as the differences in the skeletons (rigidity/flexibility, planar/nonplanar) could influence the selectivity and the configurational stability of the resulting Cu(I) complexes. Several monosubstituted 1,10-phenanthroline and 2,2 -bipyridine ligands were prepared following conditions previously reported by Sauvage et al., 26 i.e. a nucleophilic addition of alkyl-or aryl-lithium reagents to the parent phen and bpy followed by the rearomatisation in the presence of an excess of manganese dioxide. The aromatic lithium compounds were obtained by reaction of the corresponding bromo-arene with metallic lithium. This synthesis afforded the ligands 2-R-phen (2a-c and 2e-h) and 6-R-bpy (3a-c and 3e-f) in low to good yields (16- The synthesis of the 2-imino-pyridine ligands 4c and 4d was also realised following a literature procedure, 12c via an easy condensation between pyridine-2-carbaldehyde and the corresponding amines. a The precision of the measurement is about 0.01 ppm. 
being isolated by chromatography as the first eluted fractions (SiO 2 , CH 2 Cl 2 , R f = ∼ 0.6-0.9, 78-97%, Table 1 ).
20,27
Phen complexes (Fig. 3) . Of all the split signals, those of the higher frequency H9 protons were particularly easy to monitor. In [Cu(2c) 2 ][D-1], the H8 proton was better split than H9; this most probably indicates that the steric bulk of the tert-butyl groups hinders the approach of the TRISPHAT anion along the C 2 axis of the complex. Table 1 , entries 1-7).
In view of the results gathered in Table 1 , it is apparent that the nature of the a-substituent has a direct influence on the observed asymmetry inductions. Two types of a-substituent, aliphatic and aromatic groups, were used. For the former the best asymmetric excess was obtained with the complex bearing a monosubstituted n-butyl ligand (d.e. = 10%, Table 1 , entry 2). Amongst aromatic groups of various sizes, the results were generally low (d.e. 4-6% at 295 K, entries 4-6, Table 1 ). Only in the case of the complex made with a phen ligand bearing an a-anthracenyl group (2h) was a decent diastereomeric excess measured at room temperature (d.e. 30% at 298 K, Fig. 4 ). An increase of this excess from 30 to 45% (233 K) was obtained by lowering the temperature (see Fig. 4 ). The assignment of the configuration of the metal complex was realized by a CD analysis (Fig. 5) . these two CD spectra can be assigned to D and K configurations for the Cu(I) cationic complexes associated with D-1 and K-1 anions respectively. It indicates that a homochiral association between the ions is favored over a heterochiral association.
Moreover, 1 H NMR analyses at higher temperatures were performed (up to 328 K) to determine the racemization barrier of these complexes. However, only small differences in chemical shifts (DDd) were observed for the split signals of H9 or H8 protons demonstrating the high configurational stability of these derivatives as compared to the NMR time scale. Should stereodynamic phenomena occur, they will appear at temperatures higher than 328 K.
The activation energy value (DG = ), which quantifies the R/S or K/D inversion barrier, is thus unknown and can only be estimated by the "coalescence" method considering Dm values at lower temperature and T c ≥ 328 K ( 
Bpy complexes
A similar study of Cu(I) complexes bearing 6-R-bipyridine ligands 3a-c was undertaken. However, room temperature 1 H NMR analyses of these bpy-derived [Cu(3a-c) 2 ][D-1] salts revealed broad resonances or lack of signal separation (see Fig. 6 and ESI †). Rather than consider a lack of NMR enantio-differentiation from the TRISPHAT anion, we reasoned, in view of the results 10) .
Inversion barriers were also determined by line-shape analysis (WinDNMR) of the broadened exchange signals from which rate constants (k) were obtained. Representative experimental and calculated line shapes are depicted in Fig. 7 . The inversion barriers were determined at different temperatures and the activation parameters (DH = , DS = and DG = ) of the D(S)/K(R) interconversion were calculated by using an Arrhenius plot (ln k vs 1/T) and Eyring equation (see Table 1 and ESI †). Precise results were thus obtained which are in good agreement with those obtained by the coalescence method. Low asymmetry induction was also observed with monosubstituted 2,2 -bipyridine ligands (maximum diastereomeric excess 8% with R = Me, Table 1 , entry 8) showing a poor efficiency of TRISPHAT anion to behave as a supramolecular chiral auxiliary for such ligands. Moreover, as an NMR chiral solvating agent, anion 1 is less efficient with bpy than phen derivatives, at least for Ha protons: DDd max = ∼ 0.04 ppm in bpy series (R = n-Bu) vs DDd max = ∼ 0.16 ppm in phen series (R = n-Bu).
Iminopyridine complexes
Copper(I) complexes of unsymmetrical pyridine imine ligands (4) 13) . As for the bpy derivatives, a careful line shape analysis was performed for the VT-NMR behaviour of the TRISPHAT salts of complexes 4c and 4d (DH = ∼ 75-76 kJ mol −1 and DS = = 51 and 66 J K −1 mol −1 , respectively). Although a decent NMR enantio-differentiation was observed at low temperature, the measured diastereomeric excess remained low (d.e. = ∼ 9%).
Conclusion
The TRISPHAT anion 1 is an efficient NMR chiral solvating agent for chiral pseudo-tetrahedral Cu(I) complexes. The observed NMR enantio-differentiation can be used to measure the kinetics of racemization of these chiral configurationally labile Cu(I) complexes. This method, based on the use of a chiral anion, does not require the use of ligands bearing enantiotopic groups. Moreover it is simple to implement and very efficient. VT-NMR experiments on these salts were performed and revealed rather different results depending upon the nature of the a-substituent and the diimine backbone. Amongst the studied Cu(I) complexes the following stability order was determined:
VT-NMR experiments also allowed us to determine the activation parameters for the D/K interconversion of a pseudotetrahedral Cu(I) complexes made of bpy and 2-iminopyridine ligands. The dynamic process requires positive activation enthalpy (DH = from 65-92 kJ mol −1 ) and shows rather strong and positive entropy values (DS = from 52-66 J K −1 mol −1 ). It is unfortunate that no data exists-to our knowledge-on the dissociation energy of Cu-N bonds as a comparison of these and DH = values would have shed light on the nature of the exchange mechanism.
Experimental General
All reactions were conducted under dry N 2 or Ar by means of an inert gas/vacuum double manifold line with magnetic stirring. CHCl 3 , CH 2 Cl 2 , CDCl 3 and CD 2 Cl 2 (SDS) were filtered on basic alumina. Analytical thin layer chromatography (TLC) was performed with Merck SIL G/UV 254 plates or Fluka 0.25 mm basic alumina (pH = 9.9) plates. Visualization of the developed chromatogram was performed by UV/Vis detection. Organic solutions were concentrated under reduced pressure on a Buchi rotary evaporator. Unless otherwise noted, column chromatography (silica gel 60, 40 lm or Fluka basic alumina type 5016A) was performed in air.
NMR data were obtained on Bruker 400 MHz spectrometer, IR and mass spectra were recorded. NMR spectra were recorded on a Bruker AMX-400 spectrometer at room temperature unless otherwise stated. 1 2921w, 2846w, 1618w, 1587w, 1564w, 1509w, 1491w, 1449s, 1389m, 1302m, 1236m, 1146w, 992s, 848m, 818s, 719s, 670s, 619s, 
